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Introduction
Premature infants account for more than 12% of all US births (National Institute of Medicine report, July 13, 2006, http://www.iom.edu/CMS/3740/25471/35813.aspx). Recent advances in obstetrical management and neonatal intensive care have increased survival of extremely premature infants (<1000g). These infants are prone to respiratory failure, for which they receive mechanical ventilation (MV) with O 2 -rich gas. Prolonged exposure to cyclic stretch and high concentrations of inspired O 2 often leads to a chronic form of lung disease (CLD) that remains the leading cause of long-term hospitalization and recurrent respiratory illness in infants born at <28 weeks of gestation (1) .
Prominent histological features of CLD include arrested alveolar growth and decreased capillary density (2-4). The mechanism accounting for these hypoxemic events in neonates is poorly understood, but more likely related to either acute changes in airway resistance (5, 6) or increased pulmonary vasoconstriction. It is unknown whether impaired ventilation in CLD may lead to mismatching of ventilation and perfusion, which could contribute to episodic hypoxemia and cyanosis.
Hypoxic pulmonary vasoconstriction (HPV) is a unique and important physiological response that facilitates matching of ventilation and perfusion in the lung. In segmental hypoxia, as occurs in CLD, constriction of distal pulmonary arteries (PAs), which regulate vascular resistance, diverts blood from poorly ventilated areas to well ventilated areas of the lung, thereby optimizing oxygenation, usually without increasing pulmonary vascular resistance (PVR) (7).
Although the mechanisms that control HPV have not been completely elucidated (8-10), it appears that hypoxia initiates HPV through a redox mechanism (11, 12) Some of the results of these studies have been previously reported in the form of an abstract(17).
Detailed Methods are provided in the online supplement All procedures were approved by the Institutional Animal Care and Use Committee at the University of Utah in Salt Lake City (preterm lambs) and the University of Alberta (newborn rats).
Chronic lung injury (CLI) in preterm lambs
Preterm lambs were mechanically ventilated for 3 weeks and chronically catheterized as previously described (18) (19) (20) (21) . PVR was measured during a 2-h steady-state baseline period, followed by a 2-h steady-state period of hypoxemia, induced by lowering the FiO 2 so that PaO 2 decreased to <40 mmHg.
CLI in newborn rats
Sprague-Dawley rat pups were exposed to normoxia (21% O 2, control group) or hyperoxia (95% O 2, O 2 -CLI group) from birth to P14 in sealed Plexiglas chambers with continuous O 2 monitoring (22) (23) (24) (25) . After P14, pups were euthanized and lungs processed for various analyses.
Exposure of newborn rats to hyperoxia from birth to P14 during the critical period of alveolar development impairs alveolar growth (larger but fewer alveoli) and is associated with right ventricular hypertrophy, an indirect marker of pulmonary hypertension. These results have been previously reported (26).
Echo-Doppler in newborn rats
PA acceleration time (PAAT) (Vevo 770B Visual Sonics, Inc. ON, Canada) was measured from the onset of the pulmonary flow to its peak as previously described (26 
Quantitative real-time polymerase chain reaction (qRT-PCR)
qRT-PCR was performed on isolated dPAs from newborn rats as previously described (29, 30) using purchased primers for human Kv 1.5, rat Kv 1.5 and Kv 2.1, BK Ca (Applied biosystems). Levels of mRNA were normalized to a stable control gene (ß2MG, ß2
Microglobulin) and expressed as 2∆∆Ct (cycle time) (29, 30) .
Results

HPV is blunted in chronically ventilated newborn lambs
Chronically mechanically ventilated preterm lambs had persistent baseline elevation of PVR for the entire 3 weeks. PVR increased significantly during hypoxia at the end of week 1, but HPV was blunted during weeks 2 and 3 ( Figure 1 ).
HPV is blunted in newborn rats with O 2 -induced CLI in vivo and ex vivo
In vivo echo-Doppler studies showed that PAAT was significantly decreased in newborn rats
with O 2 -induced CLI as compared with normoxic controls (Figure 2A ). During the hypoxic challenge, PAAT decreased in control pups, but not in pups with O 2 -induced CLI ( Figure 2A ).
In vitro, dPAs constricted in response to hypoxia while dPAs from newborn rats with O 2 -induced CLI failed to constrict in response to hypoxia ( Figure 2B ).
Vascular tone in rat distal pulmonary arteries
The contractile response to the α-agonist Phenylephrine (10 mmol/L) was decreased significantly in O 2 -induced CLI as compared to controls ( Figure 3A ). KCl constriction ( Figure   3B ) and the response to the BK Ca and K ATP channel blockers Iberiotoxin and Glyburide were similar between groups ( Figure 3C ). There was no difference in constriction in response to the Kv channel inhibitor 4-AP (10 mmol/L) ( Figure 3D ). In contrast, the vascular reactivity in O 2 -induced CLI arteries to the specific Kv 1.x inhibitor correolide was significantly decreased as compared to normoxic control arteries ( figure 3E ).
Kv mRNA expression is decreased in dPAs from newborn rats with CLI
Blunted HPV in newborn rats exposed to O 2 was associated with a decrease in mRNA expression of Kv1.5 and Kv2.1 in dPAs as compared with controls ( Figure 4A ). There was no difference in BK Ca mRNA expression between groups ( Figure 4B ).
Intratracheal adenovirus-mediated Kv 1.5 gene transfer restores HPV in O 2 -induced CLI in newborn rats
In vivo, echo-doppler showed that PAAT was significantly decreased in newborn rats with 
I k is restored by Kv1.5 gene transfer
Consistent with our in vivo and in vitro studies, I K was significantly decreased in PASMCs from experimental O 2 -induced CLI compared to controls ( Figure 7A and B). There was a loss of the outward rectifying portion of the whole cell K+ current (evident in a comparison of panels A vs D as less total current and less upward deflection from the linear, ohmic current between voltage steps +10-+70mV). In control PASMCs, I K was inhibited by hypoxia ( Figure 7A ), whereas I K in O 2 -induced CLI remained unaffected ( Figure 7B ). CLI Kv1.5 gene therapy restored not only the net current, but specifically the outward rectifying portion of the current, so that panels A and C look similar. This (together with the qRT data in Figure 4) indicates the loss of K+ current with CLI is largely due to loss of Kv current. Conversely, I K was low in PASMCs from Ad5-GFP transfected animals ( Figure 7D ). Besides maturational changes in Kv channels, other factors may contribute to the altered response to hypoxia in experimental BPD. The mechanism by which hypoxia is sensed remains unknown. It has been proposed that HPV results from a redox sensor system present in dPAs, but also found in other O 2 -sensing organs (10). A sensor, the proximal portion of the mitochondria transport chain, produces a mediator (reactive oxygen species). This mediator would alter the effector (K+ channels) though a process of reduction/oxidation. When the mitochondria detects a hypoxic environment, reactive oxygen species decrease thereby inhibiting redox-sensitive K+ channels. Inhibitors of complex I and III of the electron transport chain in the mitochondria inhibit the formation of reactive oxygen species and mimic HPV in the isolated perfused lung (11, 42) . In experimental BPD, a loss of O 2 sensing ability caused by chronic exposure to hyperoxia could alter mitochondrial function-reactive oxygen species production, making the pulmonary circulation unable to detect hypoxia and thus failing to constrict.
Discussion
Abnormal vascular reactivity in older children with a history of severe BPD and pulmonary hypertension has been reported (43). Cardiac catheterization of these patients showed that the pulmonary vasculature remained responsive to O 2 , but PVR was enhanced in response to hypoxia, suggesting increased HPV in this subpopulation of patients. The discrepancy with our data could be explained by differences in species, but is most likely due to a different timing in the assessment. HPV was assessed at a median of 5 years of age in the clinical study. 
Induction of chronic lung injury (CLI) in preterm lambs
Preterm lambs (average gestation 124±1 day, weight 2.28±0.16 Kg) were delivered through midline hysterotomy, mechanically ventilated for 3 weeks at a respiratory rate of 20/min yielding a tidal volume of 15±5 ml/Kg, as previously described (20-23). Peak inspiratory pressure was adjusted to maintain the partial pressure of carbon dioxide in arterial blood (PaCO 2 ) at ~35-45 mmHg; FiO 2 was adjusted to keep PaO 2 at ~50-90 mmHg; and end-expiratory pressure was kept constant at 5-6 cmH 2 O. The lambs received intravenous nutrition and enteral feeding of ewe's milk as tolerated. In the first 3 days after birth, each lamb underwent a left thoracotomy while under general anesthesia with iv fentanyl for surgical ligation of the ductus arteriosus and placement of catheters in the pulmonary artery and left atrium and a thermistor wire in the pulmonary artery to measure cardiac output by thermodilution. This allowed for weekly measurements of mean pulmonary arterial (Ppa) and left atrial pressures (Pla) and pulmonary blood flow (Qbl), from which PVR was determined as (Ppa-Pla)/Qbl. PVR was measured during a 2-h steady-state baseline period, followed by a 2-h steady-state period of hypoxemia, induced by lowering the FiO 2 so that PaO 2 decreased to <40 mmHg. Studies were done at the end of weeks 1, 2 and 3 of MV. At the end of each 3-week study, the lambs received iv pentobarbital, 50 mg/kg, followed by a midline sternotomy to open the chest and resect the lungs for subsequent histology and quantitative analysis of alveolar size and number, arterial smooth muscle thickness, and capillary surface density, as previously described (20-23).
Induction of CLI in newborn rats
Litter size (n=12) was adjusted to provide equal nutrition and growth; dams were switched between normoxic and hyperoxic chambers every 48h to prevent O 2 toxicity (24). After 14d, the pups were euthanized with an intraperitoneal dose of pentobarbital (65mg/kg) for lung resection.
Echo-Doppler in newborn rats
Rats were anesthetized with ketamine (60mg/Kg) and xylazine (7 mg/Kg) IP. Each animal was positioned supine on a mouse imaging stage that was warmed to 37°C. Ultrasound gel used as a coupling fluid between the RMV probe and the skin. Using B-Mode imaging on a Vevo 770B echocardiographic device (Visual Sonics, Inc. ON, Canada), the probe was positioned to obtain a parasternal long axis view of the heart. Doppler imaging was used to measure the pulmonary artery acceleration time (PAAT) (29), from the onset of the pulmonary flow to its peak. Control, O 2 -CLI, Adv-GFP and Kv 1.5 transfected animals were kept in room air (O 2 saturation 90-95%, Mouse Ox, Starr Life Sciences Corp) and then briefly (~30 sec) exposed to hypoxia (2.5% O 2 ) until a saturation of ~60% was obtained. PAAT was recorded during baseline (normoxia) and hypoxic challenge.
Organ bath studies in newborn rats
Arterial rings were bathed in Krebs-Henseleit buffer (119 mM NaCl, 3.52 mM KCl, 1.17 mM MgSO 4 , 1.18 mM KH 2 PO 4 , 3.2 mM CaCl 2 H 2 O, 22.6 mM NaHCO 3 , 50 mM Sucrose, 5.5 mM Glucose) bubbled with 21% O 2 -5% CO 2 -balance N 2 (normoxia, pO 2 ~120 mmHg) or 5% O 2 -5% CO 2 -balance N 2 (hypoxia, pO 2 ~50 mmHg), and were maintained at 37°C, pH 7.35-7.45.
Optimal transmural pressure was determined by stimulation with 80 mM KCl. Subsequent measurements were obtained at the experimentally determined transmural pressure of 17.5
